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Àííîòàöèÿ
Èññëåäîâàíî âëèÿíèå âûñîêî÷àñòîòíîãî ýëåêòðè÷åñêîãî ïîëÿ íà ïëàçìåííûå êîëåáà-
íèÿ â ñèñòåìå, ñîñòîÿùåé èç äâóõ äâóìåðíûõ ýëåêòðîííûõ ãàçîâ, îäèí èç êîòîðûõ ïðåä-
ñòàâëÿåò ñîáîé ñèñòåìó ñ ïåðèîäè÷åñêèì ïîòåíöèàëîì (ñâåðõñòðóêòóðó), äðóãîé  ñèñòåìó
ñ ïàðàáîëè÷åñêèì çàêîíîì äèñïåðñèè íîñèòåëåé. Â ñëó÷àå âûñîêèõ òåìïåðàòóð (∆ ≪ T,
∆  øèðèíà ìèíèçîíû ïðîâîäèìîñòè, T  òåìïåðàòóðà â ýíåðãåòè÷åñêèõ åäèíèöàõ) âû-
÷èñëåí ñïåêòð ñâÿçàííûõ ïëàçìîíîâ ω(k) , ãäå k  âîëíîâîå ÷èñëî. ×àñòîòà ñâÿçàííûõ
ïëàçìîíîâ ÿâëÿåòñÿ îñöèëëèðóþùåé óíêöèåé àìïëèòóäû ýëåêòðîìàãíèòíîãî ïîëÿ. àñ-
÷åòû âûïîëíåíû íà îñíîâå êâàíòîâîé òåîðèè ïëàçìåííûõ êîëåáàíèé â ïðèáëèæåíèè ñëó-
÷àéíûõ àç.
Êëþ÷åâûå ñëîâà: äâóìåðíûé ýëåêòðîííûé ãàç, ïëàçìåííûå êîëåáàíèÿ.
Ââåäåíèå
Âçàèìîäåéñòâèå èçëó÷åíèÿ ñ íèçêîðàçìåðíûìè ïîëóïðîâîäíèêîâûìè ñòðóêòó-
ðàìè, â ÷àñòíîñòè ñ äâóìåðíûìè (2D) ýëåêòðîííûìè ñèñòåìàìè ñ ïåðèîäè÷åñêèì
ïîòåíöèàëîì,  âàæíåéøàÿ òåìà èçèêè òâåðäîãî òåëà, èíòåðåñ ê êîòîðîé â ïîñëåä-
íåå äåñÿòèëåòèå î÷åíü âîçðîñ â ñâÿçè ñ ýêñïåðèìåíòàëüíûì ïîëó÷åíèåì è èññëåäî-
âàíèåì òàêèõ îáúåêòîâ. Â ðàáîòå [1℄ ñîîáùàåòñÿ î ñîçäàíèè äâóìåðíîé ñâåðõðåøåò-
êè ïðè ïîìîùè ýëåêòðîííî-ëó÷åâîé ëèòîãðàèè è ðåàêòèâíîãî èîííîãî òðàâëåíèÿ
è èçó÷åíèè åå ìèêðîâîëíîâîé îòîïðîâîäèìîñòè â ìàãíèòíîì ïîëå. Â [2℄ èññëå-
äîâàíà âîçìîæíîñòü âîçíèêíîâåíèÿ ïëàçìåííûõ êîëåáàíèé â 2D-ýëåêòðîííîì ãàçå
ñî ñâåðõñòðóêòóðîé (ÑÑ). Â [3, 4℄ èññëåäîâàíî âëèÿíèå ñèëüíîãî ïîñòîÿííîãî ýëåê-
òðè÷åñêîãî ïîëÿ íà ïëàçìåííûå êîëåáàíèÿ â 2D-ýëåêòðîííîì ãàçå ñî CC.
Èçâåñòíî òàêæå [57℄, ÷òî âûñîêî÷àñòîòíîå ýëåêòðè÷åñêîå ïîëå ïðèâîäèò ê ñó-
ùåñòâåííîìó èçìåíåíèþ ñïåêòðà ïëàçìåííûõ êîëåáàíèé â ñâåðõðåøåòêå. Â ðàáî-
òå [8℄ èññëåäîâàíî âëèÿíèå ïåðåìåííîãî ýëåêòðè÷åñêîãî ïîëÿ íà ïëàçìåííûå êîëå-
áàíèÿ â äâóìåðíîì ýëåêòðîííîì ãàçå ñî ÑÑ.
Îñîáûé èíòåðåñ â ïëàíå ïðàêòè÷åñêîãî ïðèìåíåíèÿ âûçûâàþò ñèñòåìû, â êî-
òîðûõ ïîìèìî îäíîãî 2D-ýëåêòðîííîãî ãàçà èìååòñÿ êàêàÿ-òî äðóãàÿ ïîäñèñòåìà
ñ èíûìè ïàðàìåòðàìè âçàèìîäåéñòâèÿ ñ ýëåêòðîìàãíèòíîé âîëíîé. Â ðàáîòå [9℄
èçó÷åíî ïàðàìåòðè÷åñêîå âîçäåéñòâèå ýëåêòðîìàãíèòíîé âîëíû íà ïëàçìåííûå
êîëåáàíèÿ 2D-ýëåêòðîííîãî ãàçà, ïîìåùåííîãî â (òðåõìåðíóþ) äèñïåðãèðóþùóþ
ñðåäó. Â [10℄ ðàññìîòðåíî ïàðàìåòðè÷åñêîå âîçáóæäåíèå ïëàçìîíîâ ýëåêòðîìàã-
íèòíîé âîëíîé â äâóõ âçàèìîäåéñòâóþùèõ 2D-ýëåêòðîííûõ ãàçàõ ñ ïàðàáîëè÷å-
ñêèì çàêîíîì äèñïåðñèè, ðàñïîëîæåííûõ â ïàðàëëåëüíûõ ïëîñêîñòÿõ. Â ýòîé ñâÿçè
ïðåäñòàâëÿåòñÿ àêòóàëüíûì èññëåäîâàíèå âëèÿíèÿ ãàðìîíè÷åñêîãî ýëåêòðè÷åñêî-
ãî ïîëÿ íà ïðîäîëüíûå ïëàçìåííûå êîëåáàíèÿ â ýëåêòðîííîé ñèñòåìå, ñîñòîÿùåé
èç äâóõ 2D-ýëåêòðîííûõ ãàçîâ, îäèí èç êîòîðûõ ïðåäñòàâëÿåò ñîáîé ñèñòåìó ñ ïå-
ðèîäè÷åñêèì ïîòåíöèàëîì.
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èñ. 1. åîìåòðèÿ çàäà÷è
1. Îñíîâíûå óðàâíåíèÿ
àññìîòðèì òâåðäîòåëüíóþ ñòðóêòóðó, â êîòîðîé íàõîäÿòñÿ 2D-ýëåêòðîííûå
ãàçû, ðàñïîëîæåííûå â ïàðàëëåëüíûõ áåñêîíå÷íûõ ïëîñêîñòÿõ (ðèñ. 1), îäèí èç
êîòîðûõ (a) ñ ïåðèîäè÷åñêèì ïîòåíöèàëîì ñâåðõñòðóêòóðû, äðóãîé (á) ñ ïàðàáîëè-
÷åñêèì çàêîíîì äèñïåðñèè íîñèòåëåé. Âëèÿíèå äîïîëíèòåëüíîãî ïåðèîäè÷åñêîãî
ïîòåíöèàëà (ñâåðõñòðóêòóðû) ìîæíî ó÷åñòü, çàïèñàâ ýíåðãåòè÷åñêèé ñïåêòð íîñè-
òåëåé òîêà â ïðèáëèæåíèè ñèëüíîé ñâÿçè
ǫ(p) = ∆− ∆
2
[cos(pxd) + cos(pyd)] ,
ãäå ∆  ïîëóøèðèíà ìèíèçîíû ïðîâîäèìîñòè; d  ïåðèîä ÑÑ; px, py  êîìïîíåíòû
êâàçèèìïóëüñà ýëåêòðîíà â ïëîñêîñòè ÑÑ, ~ = 1 .
2D-ýëåêòðîííûå ãàçû ðàçäåëÿþò ïðîñòðàíñòâî íà òðè ñðåäû ñ ðàçíûìè äèýëåê-
òðè÷åñêèìè ïðîíèöàåìîñòÿìè: äëÿ z < za äèýëåêòðè÷åñêàÿ ïîñòîÿííàÿ ðàâíà ε1 ,
äëÿ za < z < zb  ε2 , äëÿ z > zb  ε3 . Ïåðåìåííîå ýëåêòðè÷åñêîå ïîëå, êî-
òîðîå áóäåì îïèñûâàòü çàâèñÿùèì îò âðåìåíè âåêòîðíûì ïîòåíöèàëîì Aj(t) =
=
{
cEj
Ω
cos(Ωt), 0
}
, ïðèëîæåíî â ïëîñêîñòè z = zj (j = a, b) . Â ïðèáëèæåíèè
ñàìîñîãëàñîâàííîãî ïîëÿ ãàìèëüòîíèàí âçàèìîäåéñòâóþùèõ ýëåêòðîíîâ â äâóìåð-
íûõ ýëåêòðîííûõ ãàçàõ èìååò âèä
H =
∑
p, j
{
ǫj(p− e
c
Aj(t))a
+
p,j ap,j + e
∑
q
ϕ(q, zj , t)a
+
p+q,j ap,j
}
, (1)
ãäå a+
p
, ap  îïåðàòîðû ðîæäåíèÿ è óíè÷òîæåíèÿ ýëåêòðîíà ñ (äâóìåðíûì) êâà-
çèèìïóëüñîì p ; ϕ(q, zj , t)  óðüå-òðàíñîðìàíòà (ïî êîîðäèíàòàì x , y ) ñàìî-
ñîãëàñîâàííîãî ïîòåíöèàëà, q  âîëíîâîé âåêòîð â ïëîñêîñòè XY . àñïðåäåëåíèå
ïîòåíöèàëà â ïðèñóòñòâèè ýëåêòðîìàãíèòíîé âîëíû îïèñûâàåòñÿ óðàâíåíèåì Ïóàñ-
ñîíà, êîòîðîå ïîñëå óðüå-ïðåîáðàçîâàíèÿ ïî x , y ïðèíèìàåò âèä
∂2ϕ(q, zj , t)
∂z2
− q2ϕ(q, zj , t) = 0, (2)
ñ ãðàíè÷íûìè óñëîâèÿìè
ϕ1(za) = ϕ2(za), ϕ2(zb) = ϕ3(zb),
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[
ε1
∂ϕ1
∂z
− ε2 ∂ϕ2
∂z
]
z=za
= 4πσa(q), (3)
[
ε2
∂ϕ2
∂z
− ε3∂ϕ3
∂z
]
z=zb
= 4πσb(q),
ãäå σj(q) = e
∑
p
〈
a+
p−q,j ap,j
〉
t
, óãëîâûå ñêîáêè îçíà÷àþò óñðåäíåíèå ñ ìàòðèöåé
ïëîòíîñòè, îïðåäåëÿåìîé ãàìèëüòîíèàíîì (1).
Èç (2) è (3) ïîëó÷àåì âûðàæåíèÿ äëÿ ïîòåíöèàëà â ïëîñêîñòÿõ a è b :
ϕ(za) =
4π
q
[fa(q)σa(q) + g(q)σb(q)] , (4)
ϕ(zb) =
4π
q
[fb(q)σb(q) + g(q)σa(q)] , (5)
ãäå
fa(q) =
ε2 ch (qL) + ε3 sh (qL)
ε2(ε1 + ε3) ch (qL) + (ε22 + ε1ε3) sh (qL)
,
fb(q) =
ε2 ch (qL) + ε1sh (qL)
ε2(ε1 + ε3) ch (qL) + (ε22 + ε1ε3) sh (qL)
,
q(q) =
ε2
ε2(ε1 + ε3) ch (qL) + (ε22 + ε1ε3) sh (qL)
, L = zb − za.
Óðàâíåíèå äâèæåíèÿ â ïðèáëèæåíèè ñëó÷àéíûõ àç äëÿ ñðåäíèõ
〈
a+
p−q,j ap,j
〉
èìååò âèä
{
∂
∂t
+ i
[
ǫj
(
p +
e
c
Aj(t)
)
− ǫj
(
p− q + e
c
Aj(t)
)]}〈
a+p−q,j ap,j
〉
=
= −i e ϕ(q, zj, t)(np−q,j − np,j), (6)
ãäå np =
〈
a+
p
ap
〉
 ÷èñëà çàïîëíåíèÿ ýëåêòðîííûõ óðîâíåé â 2D-ýëåêòðîííîì ãàçå.
åøàÿ óðàâíåíèå (6), ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé ïîëó÷àåì:
σa(q, t) = −ie2
∑
p
(np−q,a − np,a)
t∫
−∞
dt′ ϕ(q, za, t
′) ×
× exp

−i
t∫
t′
[
ǫa(p +
e
c
Aj(t
′′))− ǫa(p− q + e
c
Aj(t
′′))
]
dt′′

 , (7)
σb(q, t) = −ie2
∑
p
(np−q,b − np,b)
t∫
−∞
dt′ ϕ(q, zb, t
′) ×
× exp
{
−i
[
ǫb(p) + ǫb(p− q)
]
(t− t′)− i(ξq) [sin(Ωt)− sin(Ωt′)]
}
, (8)
ãäå ξ = eEb/mΩ
2
 àìïëèòóäà êîëåáàíèé ýëåêòðîíà â ñëîå b â ïîëå ýëåêòðîìàã-
íèòíîé âîëíû.
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Ïðîâåäÿ óðüå-ïðåîáðàçîâàíèÿ ïî âðåìåíè â (7) è (8), ïîëó÷èì áåñêîíå÷íóþ
ñèñòåìó óðàâíåíèé äëÿ óðüå-êîìïîíåíò σj(q, ω) :
σa(q, ω) = e
2
∞∑
n,k=−∞
ϕa(q, ω − kΩ)Fn F ∗n+k
∑
p
(np+q,a − np,a)
ǫ′a(p + q)− ǫ′a(p) + nΩ− ω , (9)
σb(q, ω) = e
2
∞∑
n,k=−∞
ϕb(q, ω − kΩ)Jn(ξq)Jn+k(ξq) ×
×
∑
p
(np+q,b − np,b)
ǫb(p + q)− ǫb(p) + nΩ− ω , (10)
ãäå
Fn =
1
2π
2pi∫
0
dx exp
[
i2∆
Ω
sin
(
qxd
2
) ∞∑
k=1
(
J2k(γ)(−1)k sin(2kx)
2k
sin(pxd) +
+ J2k−1(γ)(−1)k−1 sin((2k − 1)x)
2k − 1 cos(pxd)
)
− inx
]
,
ǫ′a(p) = ∆− ∆
2
[J0(γ) cos(pxd) + cos(pyd)] ,
γ = eEad/Ω, Jn(x)  óíêöèÿ Áåññåëÿ 1-ãî ðîäà âåùåñòâåííîãî àðãóìåíòà.
Ôóðüå-êîìïîíåíòû ϕj(q, ω) íàéäåì â ðåçóëüòàòå óðüå-ïðåîáðàçîâàíèé ïî âðå-
ìåíè â óðàâíåíèÿõ (4) è (5). Â îáùåì ñëó÷àå ïîëó÷èòü òî÷íîå ðåøåíèå ñèñòåìû
óðàâíåíèé (9), (10) â çàìêíóòîì âèäå íå óäàåòñÿ. àññìîòðèì íåêîòîðûå ïðèáëèæå-
íèÿ, ñ ó÷åòîì êîòîðûõ ìîæíî ïîëó÷èòü çàêîí äèñïåðñèè ïëàçìåííûõ âîëí â ÿâíîì
âèäå. Â ñëó÷àå, êîãäà ÷àñòîòà ýëåêòðîìàãíèòíîé âîëíû Ω âåëèêà ïî ñðàâíåíèþ
ñ ñîáñòâåííûìè ÷àñòîòàìè ðàññìàòðèâàåìîé ñèñòåìû â ñóììàõ (9) è (10), ìîæíî
îãðàíè÷èòüñÿ ÷ëåíîì ñ n = 0 . Ïðîâåäÿ íåêîòîðûå ïðåîáðàçîâàíèÿ â íèõ, ïîëó÷èì:
σa(q, ω) =
g(q)
fa(q)
1− χa
χa
σb(q, ω), (11)
σb(q, ω) =
g(q)
fb(q)
1− χb
χb
σa(q, ω), (12)
ãäå
χa = 1− 4πe
2
q
fa(q)
∏
a
, χb = 1− 4πe
2
q
fb(q)
∏
b
,
∏
a
=
∑
p
|F0|2 (np+q,a − np,a)
ǫ′a(p+ q) − ǫ′a(p)− ω , (13)
∏
b
= J20 (ξq)
∑
p
(np+q,b − np,b)
ǫb(p + q)− ǫb(p)− ω .
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åøàÿ ñîâìåñòíî (11) è (12), ïîëó÷èì óðàâíåíèå äëÿ íàõîæäåíèÿ çàêîíà äèñïåðñèè
ñâÿçàííûõ ïëàçìîíîâ â îïèñûâàåìîé ñèñòåìå:
g2(q)
fa(q)fb(q)
(1− χa)(1− χb)
χaχb
= 1.
àññìîòðèì äàëåå íåâûðîæäåííûé ýëåêòðîííûé ãàç, äëÿ êîòîðîãî
nj(p) ≈ exp(−ǫj(px, py)/T ),
ãäå T  òåìïåðàòóðà â ýíåðãåòè÷åñêèõ åäèíèöàõ.
Âû÷èñëåíèå ïîëÿðèçàöèîííîãî îïåðàòîðà (13) çíà÷èòåëüíî óïðîùàåòñÿ â ñëó-
÷àå âûñîêèõ òåìïåðàòóð (∆≪ 2T ).
Ïðè ε1 = ε2 = ε3 = ε ïîëó÷àåì fj(q) = 1/2ε .
Â ñàìîì ïðîñòîì ñëó÷àå L → ∞ èìååì g(q) = 0 è ïîëó÷àåì äëÿ íåñâÿçàííûõ
ïëàçìåííûõ êîëåáàíèé óðàâíåíèÿ χj(q) = 0 , ðåøåíèÿ êîòîðûõ èçâåñòíû [8, 9℄. Äëÿ
ñëó÷àÿ qd≪ 1 è ωb/qVT ≫ 1 äèñïåðñèîííûå çàâèñèìîñòè èìåþò âèä:
ωa =
√
q
∆d
4
√
J0(γ)
εaa
, ωb =
√
q
VT |J0(ξq)|√
2εab
,
ãäå aj = T/4πe
2Nj , VT =
√
T/m , Nj  ïîâåðõíîñòíàÿ ïëîòíîñòü 2D-ýëåêòðîííûõ
ãàçîâ.
Òåïåðü ðàññìîòðèì ñëó÷àé ïðîèçâîëüíûõ L . Äëÿ qd ≪ 1 è ωb/qVT ≫ 1 äèñ-
ïåðñèîííàÿ çàâèñèìîñòü ñâÿçàííûõ ïëàçìåííûõ êîëåáàíèé èìååò âèä:
ω21,2 =
ω2a + ω
2
b ±
√
(ω2a + ω
2
b )
2 + 4ω2a ω
2
b (exp[−2qL]− 1)
2
, (14)
Ôîðìóëà (14) îïèñûâàåò äâå ìîäû ñâÿçàííûõ ïëàçìåííûõ êîëåáàíèé, âûñîêî÷à-
ñòîòíóþ (ω1 ) è íèçêî÷àñòîòíóþ (ω2 ). Èç (14) ñëåäóåò, ÷òî ÷àñòîòà ñâÿçàííûõ ïëàç-
ìîíîâ ÿâëÿåòñÿ îñöèëëèðóþùåé óíêöèåé àìïëèòóäû ýëåêòðîìàãíèòíîãî ïîëÿ.
Ïðè qL≪ 1 ïîëó÷àåì:
ω21 = ω
2
a + ω
2
b − ω22 ,
ω22 = 2qL
ω2a ω
2
b
ωa + ωb
.
Íàñòîÿùàÿ çàäà÷à ðåøàëàñü â ïðåíåáðåæåíèè ñòîëêíîâåíèÿìè ýëåêòðîíîâ ñ ðå-
øåòêîé. Òàêîå âîçìîæíî, êîãäà ïåðèîä ïëàçìåííûõ êîëåáàíèé ìàë ïî ñðàâíåíèþ
ñî âðåìåíåì ñâîáîäíîãî ïðîáåãà ýëåêòðîíà τ (ωτ ≫ 1). Ïîñëåäíåå óñëîâèå ìî-
æåò áûòü âûïîëíåíî ïðè τ ≈ 10−12 , ÷òî ÿâëÿåòñÿ äîâîëüíî æåñòêèì óñëîâèåì
íà ÷èñòîòó îáðàçöà.
Çàêëþ÷åíèå
Â çàêëþ÷åíèè ñîðìóëèðóåì îñíîâíûå âûâîäû:
1. Ïîëó÷åíî óðàâíåíèå äëÿ íàõîæäåíèÿ çàêîíà äèñïåðñèè ñâÿçàííûõ ïëàçìåí-
íûõ êîëåáàíèé â ýëåêòðîííîé ñèñòåìå, ñîñòîÿùåé èç äâóõ 2D-ýëåêòðîííûõ ãàçîâ,
ðàñïîëîæåííûõ â ïàðàëëåëüíûõ ïëîñêîñòÿõ. Îäèí èç ãàçîâ ïðåäñòàâëÿåò ñîáîé
ñèñòåìó ñ ïåðèîäè÷åñêèì ïîòåíöèàëîì â ïðèñóòñòâèè ýëåêòðîìàãíèòíîé âîëíû.
2. Â ñëó÷àå, êîãäà ÷àñòîòà ýëåêòðîìàãíèòíîé âîëíû âåëèêà ïî ñðàâíåíèþ ñ ñîá-
ñòâåííûìè ÷àñòîòàìè ðàññìàòðèâàåìîé ñèñòåìû, ïîëó÷åí çàêîí äèñïåðñèè ïëàç-
ìåííûõ êîëåáàíèé â ÿâíîì âèäå. ×àñòîòà ñâÿçàííûõ ïëàçìîíîâ ÿâëÿåòñÿ îñöèëëè-
ðóþùåé óíêöèåé àìïëèòóäû ýëåêòðîìàãíèòíîãî ïîëÿ.
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Summary
S.Yu. Glazov, E.S. Kubrakova. The Inuene of Eletromagneti Field on Plasma Osilla-
tions in Two-Dimensional Eletroni Systems with Superstruture.
The inuene of high-frequeny eletri eld on plasma osillations in a system, onsisting
of two two-dimensional eletroni gases, one of whih represents a system with periodi
potential (superstruture), and another one has a paraboli energy spetrum of harge arriers,
is investigated. For the ase of high temperatures (∆≪ T , ∆ is the ondution minizone width,
and T is the temperature in energy units) the spetrum of the oupled plasmons ω(k) , where
k is the wave number, is alulated. The frequeny of the oupled plasmons is found to be
an osillating funtion of the eletromagneti eld amplitude. The alulations are performed
on the basis of the quantum theory of plasma osillations in a random-phase approximation.
Key words: two-dimensional eletroni gas, plasma osillations.
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